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ABSTRACT  
This paper presents the shear behaviour of composite beams made of combinations of high performance concretes 
(HPCs) such as self-consolidating concrete (SCC) and ductile Engineered Cementitious Composite (ECC).  The 
variables in this experimental and Code based study was shear span to depth ratio, concrete types, longitudinal 
reinforcement and depth ratio (of ECC and SCC layer). The performance of ECC-SCC composite beams was 
compared with full depth normal SCC beams based on load-deformation response, stress-strain development, shear 
strength, failure mode, energy absorption capacity and aggregate-dowel action. The performance of American code 
in predicting shear strength of SCC beams including ECC-SCC composite beams was studied based on experimental 
results. 
1. INTRODUCTION 
Self-Consolidating Concrete (SCC) is a highly flowable concrete that can flow into place under its own weight. SCC 
achieves good consolidation without external or internal vibration and also without defects due to bleeding or 
segregation (Ozawa et al. 1989; Li 1995; Yurugi 1998; Petersson 1998; Khayat et al. 2001; Lachemi et al. 2003; 
Poon and Ho 2004b; Khatib 2008). SCC typically has a higher content of fine particles and improved flow 
properties compared to the conventional concrete. SCC can be used to improve the productivity of casting congested 
sections and also to insure the proper filling of restricted areas with minimum or no consolidation (Khayat 1999). 
SCC showed greater homogeneity of distribution of in-place compressive strength than conventionally vibration-
compacted concrete. SCC can improve the working environment by eliminating the noise and pollution caused by 
vibrators and also reduces labour cost. SCC was developed in Japan in the early 1980’s (Hayakawa et al. 1993; 
Hossain and Lachemi 2010).  
 
Engineered Cementitious Composite (ECC) is a class of ultra-ductile fiber reinforced composites originally invented 
at the University of Michigan in the early 1990s (Li 1993). ECC is characterized by high ductility under uniaxial 
tensile loading in the range of 3–7%. It has a tight crack width of around 60-100 m, which improves durability 
(Wang and Li 2007; Sahmaran and Li 2010; Sahmaran et al. 2011). The sequential development of multiple cracks, 
instead of continuous increase of crack opening contributes to larger tensile strength capacity in the range of 3 to 5% 
(Wang and Li 2007). When cracking begins in ECC, it undergoes strain-hardening and has a 300–500 times higher 
strain capacity than normal concrete. Cracks in ECC do not widen any further after the initial cracks are formed, 
which allow for additional tensile deformation to occur through the propagation of micro cracks, with spacing about 
1–2 mm (Sahmaran et al. 2011). Under compressive loads, ECC exhibits compressive strength of 60MPa, similar to 
high strength concretes. Under compressive loading, ECC reaches its compressive strength at higher strain due to 
the exclusion of aggregates and as a consequence has a lower modulus of elasticity than conventional concrete 
(Fischer and Li 2003).  It has relatively low fiber content of 2% or less by volume (Li 1998; Li et al. 2001; Li 2003; 
Sahmaran and Li 2010; Sahmaran et al. 2011). The addition of fibers in ECC increases tensile strength, ductility and 
toughness and improves durability. The efficiency of the fiber reinforcement is affected by the properties of the 
concrete mix, as well as the fiber geometry, size, type, volume and dispersion. The typical fibres used in ECC are 
polypropylene (PP), glass (GF), carbon (CF) and polyvinyl alcoholic (PVA) (Cavdar 2012). The most common fiber 
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used in ECC is the polyvinyl alcohol (PVA) fiber with a diameter of 39 m and a length of 6–12 mm (Li et al. 2001; 
Kunieda and Rokugo 2006). 
 
This research is significant because no research has been conducted to study the shear behaviour of composite 
beams made of ECC and SCC. This paper focuses on load-deformation response, stress-strain development, shear 
strength, failure mode, energy absorption capacity and aggregate-dowel action of full depth SCC beam as well as 
ECC-SCC composite beams. The performance of ACI code in predicting shear strength of SCC beams and ECC-
SCC composite beams was also studied based on experimental results. 
2. EXPERIMENTAL PROGRAM 
Reinforced beams made of SCC and combination of ECC-SCC were tested. Self-Consolidating Concrete (SCC) and 
Engineered Cementitious Composite (ECC) were poured inside the formwork to make beams without consolidation 
for testing. Testing was designed to observe load-deformation response, stress-strain development, shear strength, 
energy absorption capacity, aggregate-dowel action and failure modes. 
2.1 Geometric description 
Three reinforced concrete beams were designed only for adequate flexural reinforcement and having no shear 
reinforcement were tested. Table 1 and Fig 1 show the geometric dimensions of SCC/ECC beams. All beams were 
100 mm wide (b) with total depth (h) 200 mm. The shear span-to-depth ratio (a/d) was kept constant at a value of 
1.52 to ensure shear rather bending failure of all beams. Cross sectional dimensions and reinforcement layouts are 
shown in Fig. 2. “Full SCC” denotes 200 mm height of SCC, “E50-S50” denotes 100mm height of ECC at bottom, 
100mm height of SCC at top and “E25-S75” denotes 50 mm height of ECC at bottom, 150mm height of SCC at top. 
 
The beam designation included a combination of letters and numbers to indicate concrete type (S or E) and ratio of 
ECC to SCC depth in the cross-section (25 or 50 or 75). 
   
Table 1: Beam specimen properties 
Specimen Effective 
depth, d  
Total 
height, h  
Shear span (a) 
to Depth (d) ratio, a/d 
Full  SCC 175 200 1.52 
E50-S50 175 200 1.52 
E25-S75 175 200 1.52 
  * Width, b = 100; effective span, S = 800 and length, L = 1100; all dimensions in mm 
  10 mm diameter deformed steel bar were used as flexural reinforcement 
 
 
 
 
Fig. 1: Schematic diagram of experimental beam specimens (dimensions in mm) 
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Fig. 2: Cross sections and reinforcement layouts of beams (dimensions in mm) 
 
2.2 Casting and instrumentation 
 
Formwork was made with commercially available plywood. Plywood and reinforcement bar were already cut and 
sized upon arrival. Then pieces of plywood were attached according to the desired dimensions to make formwork. 
Rebar was cleaned and grinded before installing strain gages in order to get perfect strains. Capacity of 175L 
concrete mixer machine at Ryerson University structures laboratory was used for casting SCC and ECC. 
 
A commercial SCC which was pre-packed with the mixture of Portland cement, silica fume, 10 mm stone was used 
to make beams. SCC beams were cast without consolidation – the concrete was poured in the formwork from one 
side until it flow and reached the other side. Visual observation showed that the SCC properly filled the forms with 
ease of movement around reinforcing bars in each reinforcement configuration. On the other hand, ECC was 
prepared with Portland cement, fly ash, silica sand, Polyvinyl (PVA) fibers and HRWRA superplasticizer. As ECC 
is also self-consolidating, no compaction was necessary and same procedure was followed as SCC to cast ECC 
beams. After casting, specimens were covered with plastic to prevent loss of moisture for 28 days. Control cylinders 
(200 mm in height and 100 mm in diameter) were also casted and crushed during testing of columns to determine 
concrete strength. 
 
2.3 Test set-up, instrumentation and loading response 
 
The beam specimens were tested as simply supported beams under four-point loading condition (Fig. 1). Linear 
variable displacement transducer (LVDT) was used to measure central deflection. A tilt meter was also attached on 
the beam to measure beam rotation. The test set up included the use of a hydraulic jack that applied load gradually 
on the mid-span of the beam specimens until it fails. A computer aided data acquisition system automatically 
monitored load, displacements, strains and rotation throughout the loading history. 
3. TEST RESULTS 
3.1 Crack patterns and failure mode 
 
Fig. 3 shows the failure pattern of all of the experimental beams. During the application of load, vertical flexural 
cracks was observed first for all three beams. These cracks were initiated at the mid span of all beams as expected. 
With the increment of load, new flexural cracks were formed all over the beam. With further increase in load, 
existing flexural cracks started to propagate diagonally towards the loading point as well as new diagonal cracks 
initiated separately away from the mid-span along the beam. All cracks were outlined and labelled at each loading 
stage with a black marker and crack width was measured using crack measuring scale. 
 
All beams failed in shear as they were designed and failure took place shortly after dominant diagonal shear crack 
(within one shear span) extended to the top fibre as showed in Fig.3. The angle of the cracks was ranging from 40-
45 degree for all beams. 
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Fig. 3: Crack pattern and mode of beam failure. 
 
 
3.2 Shear load-deflection response 
 
Fig.4. shows the shear load vs mid span deflection response for beams Full SCC, E50-S50 and E25-S75. The 
variation of the slop indicates a reduction in the stiffness of the beam. The initial straight line segment of the curve 
shows that prior to flexural cracking, stiffness of the beam remained constant. Formation of kinks in the curve 
indicates the development of cracks during loading. After formation of inclined/diagonal crack, the stiffness of the 
beam suddenly decreased for all of the beams.  
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Full SCC beam acted like a brittle concrete compared to its E50-S50 and E25-S75 counterparts as there was no 
presence of fibre and failed at 84.55 kN (Fig.4 and Table 2) whereas deflection was 3.17 mm at the moment of pick 
load. E50-S50 and E25-S75 beams consist of both ECC and SCC where ECC was located at the tension zone up to 
50% and 25% depth of total depth respectively. Presence of ECC made those beams more flexible and made 
significant increase of its shear capacity about 60% higher than full SCC beam (Fig.4 and Table 2). This increase in 
shear capacity can be attributed to the fibre bridging characteristics of ECC and its ability to produce multi-cracking 
instead of letting a single diagonal crack to propagate causing failure in the case of normal concrete/SCC. 
 
The depth ratio of ECC and SCC for E50-S50 and E25-S75 beams did not make too much difference for ultimate 
load carrying capacity (Fig.4 and Table 2).  
 
 
 
 
Fig. 4: Shear load and mid-span deflection response for beams 
 
 
Table 2: Test data on cracking and failure shear load as well as failure modes. 
Beam 
Designat
-ion 
Concrete 
Strength 
of SCC, 
f’c (MPa) 
Concrete 
Strength 
of ECC, 
f’c( MPa) 
Failure 
Mode 
Shear 
at first 
flexure 
Vfl 
(kN) 
Deflection 
at first 
diagonal 
crack, Dc 
(mm) 
Shear at 
first 
diagonal 
crack, Vc 
(kN) 
Ultimate 
failure 
shear, Vu 
(kN) 
Deflection 
at pick 
shear load, 
Du (mm) 
Diagonal 
crack 
angle 
(Degree) 
Full S 59 73 Shear 5 0.22 40 84.55 3.17 40 
E50-S50 59 73 Shear 5 1.89 75 144.69 5.07 40 
E25-S75 59 73 Shear 5 0.13 65 144.4 5.73 45 
 
3.3. Energy absorption, Shear resistance factor and Contribution of aggregate and dowel actions 
 
Table 3 summarizes and compares the experimental energy absorption capacity of the composite beams (E50-S50 
and E25-S75) with respect to the Full SCC beam including shear resistance factor (SRF) and influence of aggregate 
and dowel actions. The energy absorption capacity is calculated by the area under the shear load-mid span deflection 
responses presented in Fig 4 up to 85% of the post-peak load where composite beams E50-S50 and E25-S75 
absorbed 6.5 and 6.9 times higher energy than its Full SCC counterparts (Table 3).  
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In this study, the shear at first diagonal crack noted as concrete shear resistance (Vc) which visually recorded during 
the testing of beams and the ultimate shear strength (Vu) commensurate with the shear at beam failure. The 
mechanisms of aggregate interlock and dowel action play a remarkable role in the increase of shear resistance from 
Vc to Vu. To distinguish the performance of SCC and composite beams, it is important to analyze the post-cracking 
shear resistance of concrete beams due to aggregate interlock and dowel action. This is described by introducing a 
shear resistance factor (SRF) defined as SRF = Vu / Vc (Lachemi et al. 2005) 
 
The shear resistance factor (SRF) for Full SCC and E25-S75 beams is higher than the E50-S50 beams because of the 
presence of higher amount of aggregate. As ECC contains no aggregate and the aggregate portion is less for E50-
S50 beam, the SRF and the contribution of aggregate and dowel action are about 15% and 7% lesser than Full SCC 
and E25-S75 counterparts (Table 3).  
 
 
Table 3: Energy absorption capacity, SRF and Contribution of aggregate and dowel actions 
Beam designation Energy absorption 
capacity at 85% 
ultimate load 
(Joules) 
Energy 
absorption ratio 
with respect to 
Full SCC beam 
Shear 
resistance factor 
(SRF) 
Contribution of 
aggregate and dowel 
actions 
(Percentage) 
Full SCC 70 1 2.11 52 
E50-S50 458 6.5 1.93 48 
E25-S75 484 6.9 2.22 55 
4. PERFORMANCE OF CODE BASED SHEAR PREDICTION 
The ultimate shear resistance of experimental SCC/ECC beams without shear reinforcement are calculated based on 
code based equations. In this study, performance of ACI based design Eq. [1] is studied. 
 
As per ACI 318-05 (2005), the shear resistance (Vn) of beams without shear reinforcement at diagonal cracking 
(where Mu occurs simultaneously with Vu at a section) can be obtained as (in SI units): 
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Where Vu and Mu are the factored shear force and moment at section respectively; bw is the width of the beam; d is 
the effective depth of beam cross-section, ρw is the longitudinal reinforcement ratio and f’c is the cylinder 
compressive strength of concrete. 
 
 
Table 4: Shear resistance of SCC/ECC beams from experiments and code based prediction 
Beam Designation Total shear resistance, Vc = Vn (kN) 
Experimental                   ACI code 
Experimental/Code ratio 
Full SCC 40                                     19.65 2.03 
E50-S50 75                                     19.65 3.81 
E25-S75 65                                     19.65 3.30 
 
 
Table 4 presents the shear resistance of SCC/ECC beams derived from experiments and code based prediction. The 
shear prediction for composite beams also determined from the ACI equation of SCC beams. ACI equation is found 
to be conservative for both SCC and ECC-SCC composite beams. 
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5. CONCLUSIONS 
 
The shear resistance of self-consolidating concrete (SCC) and ECC-SCC composite beams is compared based on 
test results of experimental beams without shear reinforcement. The crack pattern, failure mode, energy absorption 
capacity, shear resistance at failure are critically analyzed to study the influence of compositeness. Based on the test 
results, the following conclusions are drawn: 
 
1. ECC-SCC composite beams (E25-S75 and E50-S50) carried more loads than SCC beams. The shear capacity of 
composite beams was about 60% higher than SCC beams because of the fibre bridging and multi-cracking 
characteristics (with very low crack width) of ECC. 
 
2. The energy absorption capacities of composite beams is 6.5 and 6.9 times higher (E25-E75 and E50-E50, 
respectively) than the SCC beam though the ECC-SCC depth ratio of the beam did not play any significant role. 
 
3. ACI based equation is found to be conservative in predicting the shear capacity of all beams but the composite 
beam capacities are highly under-predicted. It is recommended to develop equation to predict shear capacity of 
ECC-SCC composite beams and currently research is in progress. 
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